Abstract: Magnetic fluid hyperthermia (MFH) is a promising approach for organ-confined tumor treatment. In MFH, magnetic nanoparticles (MNP) are magnetically targeted at the tumor site and heated in an alternating magnetic field. The heat produced by the MNP is used to cause tumor cell death. At the tumor site, MNP bind to the cell membrane and form agglomerates before they are internalized into the intracellular compartments. Intracellular immobilization and the formation of agglomerates influence heating properties of MNP making it difficult to control the local heating inside the tumor. In this study, we investigated MNP agglomerated samples for their heating efficiency. We found an increase in heating of 22 % upon agglomeration. If MNP are additionally immobilized, however, the heating decreases by 30 %. Consequently, due to the binding of bigger MNP agglomerates at cellular level, heating efficiency inside tumors is assumed to decrease.
Introduction
Magnetic fluid hyperthermia (MFH) is one of the most promising approaches for innovative cancer therapy, which increasingly gained importance due to significant advances in clinical application in the last decades [1, 2] . In MFH biocompatible magnetic nanoparticles (MNP) are accumulated at the tumor site, e. g. by magnetic targeting, and exposed to an alternating magnetic field (AMF) in order to generate heat inside the tumor. For temperatures between 42°C and 45°C tumor cell death is induced [3] .
Upon accumulation at the tumor site, MNP are bound and grouped in agglomerates at the cell membrane before they are internalized into cells via endocytosis [4] . Internalized MNP are partly immobilized and tightly packed inside vesicles [5] . Recently, it was shown that intracellular MNP generate less heating in MFH processes than free MNP in suspension [6] . This finding is contradicted, however, by the evidence that MNP agglomerations cause an amplified heating [7] .
Since agglomeration of MNP occurs inevitably in cellular environments, we aimed at investigating agglomeration of iron-oxide MNP under controlled conditions concerning their heating properties. In this study, MNP agglomeration was achieved by adding of specific amounts of sodium chloride to MNP solution, forcing the MNP fatty acid shell to crystalize. The heating of these samples is examined in order to discuss how MNP agglomeration affects heating in cellular environments.
Methods
Iron-oxide magnetite (Fe 3 O 4 ) MNP coated with lauric (dodecanoic) acid (LA) were synthesized by co-precipitation as previously described in [8] . The resulting ferrofluid was centrifuged twice and only the supernatant was retrieved to remove large aggregates of MNP and ensure monodispersity.
By adding sodium chloride (NaCl; analytical grade, Merck KGaA, Darmstadt, Germany) to the ferrofluid, the ionic strength of the solution was increased leading to a decreased solubility for LA. This process resulted in crystallization and precipitation of LA [9] and, in this way, a partial LA removal from the MNP surface was caused inducing MNP agglomeration. Four different samples were prepared by adding NaCl dissolved in DI-H 2 O with concentrations of 0 M, 0.1 M, 0.25 M and 0.5 M NaCl to the ferrofluid. Reference samples for each NaCl concentration containing no MNP were prepared as well.
MNP samples were investigated via transmission electron microscopy (TEM) at 60 kV using a Zeiss LEO 906 device (Carl Zeiss GmbH, Oberkochen, Germany). Each sample was diluted to 300 µg(Fe)/mL and vortexed after one hour rest. Then, 1 µL sample was pipetted carefully on 3 mm diameter Cu/Rh-150 maxtaform-grids (Electron Microscopy Sciences, Hatfield, PA, USA) and dried under ambient conditions for one hour.
Furthermore, the hydrodynamic sizes of the agglomerates in the MNP samples were characterized with a dynamic light scattering (DLS) Zetasizer Nano S (Malvern Instruments Ltd., Worcestershire, UK). For that, MNP samples were diluted to 300 µg(Fe)/mL and vortexed after one hour rest. Then, 2 µL from each sample was further diluted in 500 µL DI-H 2 O and measured 3 times at 20 °C at a backscattering angle of 173°. The average hydrodynamic diameter (Z-Average) was determined from triplicate measurements of three fractions of the same sample.
Heating of MNP was assessed using a custom-build hyperthermia setup (Trumpf Hüttinger, Freiburg, Germany) consisting of a DC generator, an AC-resonant oscillator and a water-cooled copper coil (inner / outer diameter: (20 / 30) mm; 8 turns). The cooling water (30 L) was kept in a sealed circulatory system constantly held at (17 ± 1) °C by a separate water cooling system. MNP samples of 1 mL were prepared in 4 mL glass vials and heated to an initial temperature of 35 °C on a hot plate. Following, each sample was inserted into the center of the coil and exposed to an AMF of frequency (265 ± 3) kHz and field amplitude (36.8 ±0.6) kA/m for 30 minutes. During AMF exposure, the sample temperature was recorded with a fibre-optic thermometer Luxtron 812 (LumaSense Inc., Santa Barbara, CA, USA). A background subtraction was performed using the data from the references measurements.
The specific loss power (SLP), which is a measure of the heating efficiency was calculated using the expression:
, with the specific heat capacity of the carrier liquid (= 4.187 J/g/°C for water), the weight fraction of MNP and the initial temperature rise . The initial temperature rise is dependent on the fit parameters T rise and b of the Box-Lucas function fitted to the acquired temperature data [10] . Three different iron concentrations of (150, 225, 300) µg(Fe)/mL were measured. The lowest concentration corresponds approx. to the iron concentration in the whole extracellular space after an injection of 42 ml Resovist to the human body [11] . Each sample was prepared and measured in triplicate, from which an average SLP value was calculated.
Results

Characterization of MNP samples
The results from the TEM measurements are depicted in Figure 1 : Left row displays pure LA, while the right row shows with LA coated MNP. When no NaCl was added, MNP were monodispersely distributed showing no agglomerates ( Figure 1B) . However, large agglomerates of several hundreds of nanometers in diameter formed upon adding 0.1 M NaCl ( Figure 1D ). Figure 1F&H indicate MNP agglomerates aligned along chains which was more pronounced for samples with higher NaCl concentrations. These chains consist of MNP agglomerates that form along filament-like structures (see inset in Figure 1F ) causing an immobilization of MNP in a LA matrix for the sample with 0.5 M NaCl ( Figure 1H ). Such structures were also observed for the pure LA samples containing no MNP having high NaCl concentration ( Figure 1E&G) .
Symmetrically shaped crystals visible in the reference with 0.1 M NaCl ( Figure 1C ) and white "tree-like" branching structures observed in the reference with 0.25 M NaCl ( Figure 1E ) were attributed to formation of NaCl crystals upon drying (TEM reference images for pure NaCl not shown).
DLS measurements displayed in Figure 2 yielded an average hydrodynamic diameter of (91 ± 7) nm for untreated MNP, which decreased with increasing NaCl concentration.
Heating of MNP samples
The results of SLP determination are summarized in Figure 3 . Upon increasing NaCl concentration the SLP value increased. This observation is valid independent of iron concentration. The SLP increase for samples treated with up to 0.25 M NaCl in comparison to untreated MNP (0.0 M) was 22.0 % for 150 µg(Fe)/mL, 20.0 % for 225 µg(Fe)/mL and 21.5 % for 300 µg(Fe)/mL. However, this trend is not continuted for the samples treated with the highest NaCl fraction of 0.5 M. For this case, the SLP value decreased significantly compared to untreated MNP by 22.8 % for 150 µg(Fe)/mL, 26.2 % for 225 µg(Fe)/mL and 30.0 % for 300 µg(Fe)/mL.
Discussion and conclusion
MNP agglomeration was reached by adding NaCl to the MNP solution promoting crystallization of their fatty acid shells. Qualitative assessment of MNP agglomeration size and morphology via TEM imaging shows clear differences among the samples in the MNP arrangement as well as in the crystallization of LA upon adding NaCl (Figure 1) . These results are in line with literature findings which describe an increase in the hydrodynamic diameter upon agglomeration [12] . However, the DLS measurements show a decrease for the MNP size with increasing NaCl concentration (Figure 2) . We assume that bigger MNP agglomerates could not be assessed by DLS for two possible reasons: First, the temperature-equilibrating time before each DLS run is approx. 2 min, allowing bigger agglomerates to sediment and which then do not contribute to the measured MNP. Second, a filtering effect occurred at the pipette nozzle, when extracting 2 µL during sample preparation. Consequently, only remaining non-agglomerated monodispersed MNP (cf. error bars in Figure 2) were measured with DLS. Our observations of a clear increase in the SLP upon agglomeration in the 0.1 M NaCl sample is in line with the findings in [7] . With increasing agglomeration the particleparticle distance is much shorter, which strongly increases magnetic dipole interparticle interactions. This in turn leads to a more pronounced ferromagnetic behaviour with hysteresis losses that contribute to the heating process [13] .
We observe an even stronger increase in SLP upon further agglomeration combined with particle chain formation along filaments for sample 0.25 M NaCl. Saville et al. propose to treat MNP chains as a single magnetic rod with ferromagnetic properties along the direction of particle alignment [14] . This gives again rise to (ferromagnetic) hysteresis losses, increasing the heating as described above.
The SLP results of sample 0.5 M NaCl (Figure 3 ) exemplarily demonstrates the interplay of agglomeration and immobilization effects concerning the heating efficiency: a significant decrease in SLP of up to 30 % was observeddespite agglomeration but for simultaneous immobilization of MNP ( Figure 1H ). We attribute this decrease in SLP to a partial blocking of Brownian relaxation caused by immobilization of the MNP agglomerates. This phenomenon was also reported in literature, where a decrease in SLP of approx. 20 % was found upon immobilization [15] . Investigation with other measurement techniques, such as AC magnetic susceptibility, confirm a reduction of Brownian relaxation for MNP immobilized inside cells [16] .
In conclusion, when considering agglomeration and immobilization of MNP upon intracellular uptake as competing effects on MNP heating, the SLP value seems to be dominated by immobilization. This causes a decrease in the heating efficiency under the condition that the immobilization is sufficiently strong to block the Brownian relaxation of the agglomerates.
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